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Abstract
SEM-based cathodoluminescence (CL) is an important microcharacterization
technique for the analysis of luminescent materials and defect-related effects.
Cathodoluminescence (CL) imaging and spectroscopy have been used by the previous
doctoral student, Lan-lin Chao, to investigate various properties of semiconductor
materials, including GaAs/AlGaAs quantum well structures, ZnSe-based laser structures
and GaN films. The present author has continued this work mainly on ZnCdSe quantum
well structures fabricated by Prof. Tamargo's group at CUNY.
The main concern for ZnCdSe quantum well (QW) luminescent devices is to
understand how the as-grow defects or externally induced defects affect the performance
of devices. Based on the CL studies of various samples, which are strained and lattice-
matched, Cd-rich and poor, high and low in density of pre-existing defects, it is reported
here that the degradation of ZnCdSe-based QW structures depends on the chemical
composition of the QW layer. Associated with the difference of Cd composition x in QW
layers Zn1-xCdxSe, the degradation has different morphologies. Cd-poor (x-0.2) QW
structures usually form dark line defects (DLDs) along <100> crystallographic directions
after degradation, while Cd-rich (x-O.S) QW structures tend to form only dark spot
defects (DSDs), independent of epitaxial strain and the density of as-grow defects.
Besides the result from experiments (Chapter 4), some theoretical modeling
calculations involved in CL studies are described in Chapter 3. They are (1) theoretical
calculation of CL intensity and diffusion length of free carriers in quantum well
structures, and (2) derivation of temperature-dependent population of free electron-hole
pairs and excitons, which give theoretical support for conclusions drawn from our
experiments.
In the first two chapters, the background of this research, and
cathodoluminescence and quantum well heterostructures is introduced.
2
Chapter 1
Introduction
Cathodoluminescence is the emission of light as the result of electron ("cathode-
ray") bombardment. It is an important technological phenomenon that is most widely
used in modem cathode-ray tube (CRT)-based instruments, such as oscilloscopes and
televisions and other vacuum fluorescent screens. With the developments of electron
microscopy techniques since the early 1960s, cathodoluminescence has emerged as an
important microcharacterization tool for the analysis of luminescent materials.
Scanning electron microscopy (SEM) provides high spatial resolution and
simultaneous availability of a variety of imaging modes, so it is well suited for material
microcharacterization. SEM-CL is unique among all the modes such as x-ray
microanalysis; secondary, backscattering and transmitted electron images, etc. There are
three main advantages of the CL technique: (1) CL is the only contactless method in an
electron probe instrument that provides microcharacterization of the optical and
electronic properties of luminescent materials. (2) In favorable cases the detection limit
can be as low as 1014 atoms cm-3 for elements affecting luminescence, which is several
orders of magnitude lower than that of x-ray mode. (3) In light-emitting optoelectronic
materials and devices, the emission properties probed by SEM-CL are of practical
importance. A more detailed review of cathodoluminescence in terms of beam-solid
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interactions, luminescence processes, instrumentation, and application will be discussed
in Chapter 2.
The characteristics listed above are why we choose SEM-CL to study
semiconductor light-emitting devices. We are interested in ZnSe-based light-emitting
devices because ZnSe-based semiconductors have shown great promise for light-emitting
devices in the blue-green spectral range. Since the first introduction of a ZnSe-based laser
diode in 1991[1], there have been considerable improvements in thresholds, output powers
and lifetimes of these devices (Ishibashi, 1995, 1996[2-3]; Gunshor and Nurmikko,
1995[4]). Nevertheless, practical applications ofZnSe-based light emitting diodes (LED)'s
and laser diodes are still limited by eventual degradation by formation of nonradiative
centers during current injection. Part of the frustration of researchers in trying to develop
longer-lived ZnSe-based light emitting devices is the lack of a well-established model or
theoretical explanation for the degradation. The objective this research is to study the
luminescence, degradation and defects in ZnSe-based light emitting devices and to obtain
a better understanding of degradation mechanisms by utilizing SEM-based
cathodoluminescence.
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Chapter 2
Cathodoluminescence (CL) and
Semiconductor Quantum Structures
2.1 Overview of Cathodoluminescence
2.1.1 Energy Levels of Electrons in Solids and Luminescence
Most physical processes in solids can be explained in terms of the quantum theory
of energy bands. With the formation of a solid, the electron wave functions of constituent
atoms overlap. The application of the Pauli exclusion principle in this case leads to the
splitting of the discrete energy levels of the isolated atoms into bands of allowed electron
energy levels separated by forbidden gaps. The electron occupation of the highest energy
bands (i.e. the valence and conduction bands), which are separated by a (fundamental)
energy gap Eg, determines the electrical and optical properties of a solid. Thus, depending
on the occupation of these bands and the size of Eg, solids are classified as conductors,
semiconductors, and insulators. A semiconductor is usually defined as a solid with an Eg
= 0.1-4 eV. The energy gap is called direct when the maximum of the valence band and
the minimum of the conduction band occur at the same value of the wave vector k;
otherwise it is indirect. Band-gap values and types of semiconductor materials relevant to
this research are given in Table I.
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Table I. Values and Types of Band Gaps of Some Semiconductor Materials [5]
Lattice [6]Solid type Energy Gap Eg(eV)
Parameter (A)
@OK @300K
Si Indirect 5.431 1.17 1.12
InP Direct 5.869 1.42 1.35
GaAs Direct 5.653 1.52 1.42
GaN Direct Wurtzite 3.50 3.36
CdSe Direct Hex. 1.85 1.74
ZnSe Direct 5.669 2.80 2.58
When a solid is supplied with a certain form of energy, it may emit photons in
excess of thermal radiation. This process is called luminescence, and depending on the
source of excitation of the luminescent material, one may categorize the process as, for
example, photoluminescence (photon excitation), cathodoluminescence (excitation by
energetic electrons, or cathode rays), chemiluminescence (energy supplied by chemical
reaction), and electroluminesence (excitation by application of an electric field).
Luminescence in semiconductors is generally described in terms of the radiative
recommendation of electron-hole pairs. When semiconductor is externally excited,
electrons will be promoted from the filled valence band to the empty conduction band,
which results in a same number of holes in the valence band. In a semiconductor with a
direct energy gap, for instance GaAs, the subsequent radiative recombination between
electrons and holes is most likely across the minimum energy gap Eg, which gives the
energy of the resultant emission, see Fig. 2-1(a). While for a semiconductor with an
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indirect gap, e.g. Si, electron-hole pairs can recombine radiatively only via phonon-
assisted transitions due to the conservation of momentum, as shown in Fig. 2-1 (b). Since
this requires an extra particle, the probability of such a process is significantly lower
compared with direct transitions. Therefore, fundamental emission in indirect-gap
semiconductors is relatively week.
Conduction
band
(a)
(b)
Fig. 2-1 The energy transitions in (a) direct- and (b) indirect-gap semiconductors
between initial states E; andfinal state Ef For indirect transitions the participation ofa
phonon (Eph) is required. [5J
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2.1.2 Electron-Solid Interaction and Resultant Signals
The reactions between electrons and solids are complicated. In an electron probe
instrument, electron radiation of a solid results in a variety of useful signals (Fig. 2-2).
PRIMARY ELECTRON BEAM
BACKSCATTERED
ELECTRONS
INELASTICALLY
SCATTERED
ELECTRONS
ELASTICALLY
SCATTERED
ELECTRONS
UNSCATTERED
ELECTRONS
AUGER
ELECTRONS
CHARGE
COLLECTION
CURRENT
":'
SPECIMEN
CURRENT
Fig. 2-2 Schematic diagram oftypes of interaction (or signal) available due to electron
beam interaction with a solid. [5J
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Except to generate electron-hole pairs which may lead to the emission ofphotons
in the ultra-violet, visible, and infrared spectral ranges (i. e. cathodoluminescence),
primary (i.e. incident or beam) electrons may be backscattered from the specimen with
little or no energy loss, or they may lose energy to produce secondary electrons. Some
primary electrons, absorbed in the bulk of the material, will dissipate their energy in
various electronic excitations, leading to the emission of characteristic x-rays; generation
of electron-hole pairs, leading to cathodoluminescence or to various charge collection
signals in devices; generation of Auger electrons; and thermal effects, including
electroacoustic (thermal wave) signals. In thin-specimens, transmitted electrons may be
scattered elastically (with no energy loss) or inelastically (with energy loss). All these
processes lead to the formation of signals that can be used in the characterization of
structural, chemical, and electronic properties of the material.
Due to the elastic and inelastic scattering of electrons by solids, the incident
electrons do not just react with solids on the irradiated surface area. The resulting region
over which the energetic electrons interact with a solid, depositing energy and producing
those forms of secondary radiation we measure, is known as the interaction volume. The
understanding of the size and shape of the interaction volume as a function of specimen
and beam parameters is vital for proper interpretation of features of electron microscopy
images. Electron Range is the distance traveled by the beam electrons within the solid,
which is widely used to estimate the size of the interaction volume. Two popular
definitions are Bethe Range and Kanaya-Okayama Range.
Bethe Range is defined as [7]
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J
E=O 1
R = dE
Eo dE Ids ' (2-1)
where dE/ds is the rate of energy loss with distance traveled. However, Bethe Range is
not a good description of the maximum dimension of the interaction volume because it
does not take into account the effects of elastic scattering. Kanaya and Okayama
considered the combined effects of elastic and inelastic scattering to derive a more
closely approximate in depth of dimension of the interaction volume [8],
1.67
0.0276AEo
RKO=-----
0.89
Z P
(2-2)
(Ilm), where Eo is the incident beam energy in keY, A is the atomic weight in g1mol, pis
the density in g1cm3, and Z is the atomic number; the beam is incident at a right angle to
the specimen surface. The K-O range is equivalent to the radius of a circle centered on
the surface at the beam impact point whose circumference encompasses the limiting
envelope of the interaction volume. At Eo=lO keY, the K-O range.s for ZnSe and CdSe
can be calculated as following,
A (g1mol) <2>
ZnSe
CdSe
144.34
191.37
5.42
5.81
32 =(30+34)/2 1.57
41 =(48+34)/2 1.56
In order to generate an electron-hole pair, the energy of incident electron must be
large than the band-gap energy of the solid. The average energy needed, called the
ionization energy Ej , can be best given by a semi-empirical relation [9]
10
Ei =2.8 Eg + E' ,
where E' is in a range of 0.5-1 eV, depending on the material.
(2-3)
With knowledge of the ionization energy and of the electron range, the pair-
excitation rate can be estimated. The steady-state density of excited electron-hole pairs
(cm-3) is given approximately by [10]
J Ep r
<n>=---
1.6xlO -19 Ei R
(2.4)
where J is the current density (Alcm2) of the incident beam, Ep / Ei is the number of
electron-hole pairs created per incident electron, 't is the carrier lifetime (sec), and R is
the electron range (cm).
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2.1.3 Recombination Processes
When electron-hole pairs are generated by external excitation, the energy of the
material is raised and the material is in a non-equilibrium state. Therefore, the material
tends to lower its energy by recombining electrons and holes and releasing the excess
energy as photons, phonons (thermal effect) or other forms. If recombination of excited
electron-hole pairs leads to the emission of light (or photons), it is said that the
recombination occurs by radiative processes. Otherwise, recombination occurs by non-
radiative processes.
Recombination processes are characterized by a rate of recombination R ex:: 't -1,
where 't is a recombination time. When competitive radiative and non-radiative processes
are both present, the observable lifetime is given by
1
~
1
~ rr
+
1
~ nr
(2-5)
where 't is the effective recombination lifetime, 'trr and 'tnr are the radiative and non-
radiative recombination lifetimes, respectively. Obviously, the smaller the lifetime is, the
more likely such a process can happen. However, 'trr is usually much longer than 'tnr at
room temperature, even for efficient light emitters. As a result, non-radiative
recombination processes are dominant even for direct energy gap semiconductors.
Radiative Recombination
Radiative recombination involves transitions between states in the conduction or
valence bands and those in the band gap of the material due to, for example, donors and
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acceptors. It can be categorized into (1) band-to-band recombination, (2) excitonic
recombination and (3) impurity and/or defect mediated recombination, which includes
free-to-bound, donor-acceptor-pair and defect-associated recombination. Because the
recombination of type (1) and (2) occurs at or near band edges, the resultant emission is
often called near band edge emission [5].
A simplified set of radiative transitions that lead to emission in semiconductors
containing impurities is shown in Fig. 2-3.
Ec
Ev
3 4 5
Excited
state
Fig. 2-3 Schematic diagram ofradiative transition between the conduction band (Ec), the
valence band (Ev) and exciton (EE), donor (ED) and acceptor (EA) levels in a
semiconductor. [5]
(i) Band-to-band Recombination. As illustrated in Fig. 2-3, processes 1 and 2 are
band-to-band transitions. More specifically, process 1 is an intraband transition, in which
an electron excited well above the conduction-band edge dribbles down and reaches
thermal equilibrium with the lattice. This thermalization process may lead to phonon-
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assisted photon emission or, more likely, phonon emission only. Process 2 is an interband
transition; in this case, direct recombination between an electron in the conduction band
and hole in the valence band results in the emission of a photon of energy hv z Eg, which
is usually called intrinsic luminescence. Although this recombination occurs from states
close to the corresponding band edges, the thermal distribution of carriers in these states
will generally lead to a broad emission spectrum.
(ii) Excitonic recombination. When an electron is promoted into the conduction
band, the electron and hole become free and they can move independently in
corresponding bands. It is possible at low temperatures for electron-hole pairs to form a
bound state, an exciton. The coulombic interaction between the electron and hole of a
pair brings their energy levels closer together than the width of the energy gap. Excitons
can exist in a series of bound states in the gap, which are analogous to electronic states in
the hydrogen atom. Therefore a series of excitonic transitions are expected with energy
lower than Eg, for instance, process 3 in Fig. 2-3. The exciton recombination can be.
distinguished by its very narrow spectrum.
Bound excitons are formed if excitons are attracted to neutral or ionized
impurities via van de Waals interactions. In the literature, these transitions are often
denoted with special symbols. Free-exciton recombination is denoted as X;
recombination of an exciton bound at a neutral donor is DOX, of an exciton bound at
neutral acceptor is AoX, and of excitons bound to the corresponding ionized impurities
are D+x and AX.
(iii) Impurity and defect mediated recombination. When a semiconductor contains
both donors and acceptors, transitions can start and/or finish on localized states
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associated with the donors and acceptors. As shown in Fig. 2-3, process 4 represents
donor-to-free-hole transition labeled as DOh, process 5 is free-electron-to-acceptor
transition labeled as eAo, and process 6 is donor-acceptor pair (DAP) recombination.
Impurity and defect mediated recombination accounts for most of the processes in a wide
variety of luminescent materials.
Nonradiative Recombination
Recombination of electron-hole pairs may, occur via nonradiative processes as
well, for example, process 1 in Fig. 2-3. It includes (1) multiple-phonon emission (Le.
direct conversion of the energy of an electron to heat); (2) the Auger effect, in which the
energy of an electron transition is absorbed by another electron, which is raised to a
higher-energy state in the conduction band, with subsequent emission of the electron
from the semiconductor or dissipation of its energy through emission of phonons
(thermalization); this process is especially important for high concentrations of excess
charge carriers; and (3) recombination due to surface states and defects.
2.1.4 Applications
In general, cathodoluminescence analysis performed in an electron microscope
can be divided into microscopy and spectroscopy. In the former, luminescence images or
maps of regions,of interest can be displayed; in the latter, a spectrum corresponding to a
selected area of the sample (a point analysis in the terminology of x-ray microanalysis)
can be obtained.
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Cathodoluminescence techniques provide a contactless method for
microcharacterization of luminescent materials. CL also provides depth-resolved
information by varying the electron beam energy. An additional advantage of SEM-CL
analysis is the availability of complementary information obtained from such SEM
modes as electron beam-induced current (EBIC) and x-ray analysis (Le. electron probe
microanalysis). Therefore, CL can be applied to many fields [5]. In microcharacterization
of electronic properties, CL has been used to measure carrier concentration, diffusion
length (refer to Chapter 3) and lifetime. In defect studies, CL has been used to identify
problems associated with processing steps that cause device failure, which are often due
to electrically active defects in devices (refer to Chapter 4). Besides semiconductors, CL
has been used to characterize phosphors, ceramics, and minerals.
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2.2 Overview of Semiconductor Heterostructures
2.2.2 Heterostructures and Quantum Confinement Effects
A heterostructure is a junction formed between two dissimilar semiconductors; a
homostructure is a junction formed between two similar semiconductors. For instance, an
AlGaAs/GaAs junction is a heterostructure, and a GaAs (n type)/GaAs (p type) junction
is a homostructure. Semiconductor lasers can take forms of homostructures, single
heterostructures, double heterostructures and separate confinement heterostructures, etc.
For the homostructure lasers, the threshold current density is large, e.g. about
5.0x104 A1cm2 at room temperature for a GaAs p-njunction [11], and also increases
rapidly with increasing temperature. To reduce the threshold current density,
heterostructure lasers have been built using the epitaxial techniques. Fig. 2-4 shows
schematic representations of the energy bandgap under operation conditions, the
refractive index of layers, and the optical field distribution of light generated at the
GaAs(AlGaAs)/GaAs junctions for a homostructure, a single heterostructure, a double
heterostructure and a separate confinement heterostructure (SCH). As can be seen, the
heterostructure lasers have low threshold current density because of the carrier
confinement provided by the energy barriers of higher band-gap semiconductor
surrounding the active region, and the optical confinement provided b the abrupt
reduction of the refractive index outside the active region. These confinements can
enhance the stimulated emission and substantially reduce the threshold current density.
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Fig. 2-4 Comparison ofsome characteristics ofGaAs(AlGaAs)/GaAs
semiconductor lasers. (a) homogeneous, (b) single heterostructure, (c) double
heterostructure, and (d) separate confinement heterostructure. The left column
shows energy band-gaps under operation, the refractive index is shown in the
middle and the confinement of light is shown in the right column [11].
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2.2.2 Fabrication of Heterostructures and Strain in Epitaxy Layers
Heterostructures contain layers of different materials and/or thicknesses
alternatively, and the period of the layers may be as small as a few monolayers. Such
structures have the properties of two.,.dimensional (2D) or one-dimensional (lD) systems.
They are usually constructed by epitaxial growth. Epitaxy refers to extended single-
crystal film formation on top of a single-crystal substrate.
Methods for depositing epitaxial semiconductor films include liquid phase epitaxy
(LPE), vapor phase epitaxy (VPE), and molecular beam epitaxy (MBE) [12l . LPE involves
the precipitation of a crystalline film from a supersaturated melt onto the parent substrate,
which serves as both the template for epitaxy and the physical support for the
heterostructure. However, limitations of LPE include poor thickness unifomlity and
rough surface morphology particularly in thin layers. The VPE and MBE techniques are
distinctly superior to LPE in these regards.
VPE is the. process of chemically reacting a volatile compound of a material to be
deposited, with other gases, to produce a nonvolatile layer that deposits atomistically on a
suitably placed substrate. Among the reasons for the growing adoption of VPE methods
is the ability to produce a large variety of films and coatings of metals, senliconductors,
and compounds possessing high purity and desirable properties. Furthermore, the
capability of controllably creating films of widely varying stoichiometry makes VPE
unique among deposition techniques. Other advantages include relatively low cost of the
equipment and operating expenses, suitability for both batch and semicontinuous
operation, and compatibility with other processing steps. Hence, many variants of VPE
processing have been developed in recent years, including low-pressure (LPVPE),
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plasma-enhanced (PEVPE), laser-enhanced (LEVPE) and metallorganic (MOVPE). Very
high quality lattice-matched heteroepitaxial films can be grown by VPE methods. This is
particularly true of MOVPE techniques where atomically abrupt heterojunction interfaces
have been demonstrated in alternating AlAs/GaAs (superlattice) structures. Only
molecular beam epitaxy, which is briefly explained next, can match or exceed these
capabilities.
Molecular beam epitaxy is virtually a rather simple single-crystal film growth
technique that, however, represents the state-of-the-art attainable in deposition processing
from the vapor phase. It essentially involves highly controlled evaporation in an
ultrahigh-vacuum (_10-10 torr) system. Independent control of the beam sources enables
the precise fabrication of semiconductor heterostructures at an atomic level. In general
MBE growth rates are quite low and for GaAs materials a value of 1J.lffiIh is typical.
Because heterostructures contain different materials, the lattice parameters are
generally unmatched. Therefore, mismatch, strain, or even misfit dislocations are
inevitably involved in heteroepitaxy. Early devices based on semiconductor QW
heterostructures employed multiple layers of different semiconductors that have the same
lattice constants to prevent undesirable strain. However, the strained-layer
heterostructures have recently attracted more attention since the strain in layered
heterostructures provides an additional degree of freedom to tailor the band structure and
to modify the electrical and optical properties of semiconductors.
A lattice-mismatched heterostructure, e.g. an epitaxial layer grown on a substrate
with a smaller lattice constant, can be represented by the schematic cross sections shown
in Fig. 2-5. For the case shown in Fig. 2-5 (a), the lattice constant of the epitaxial layer in
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the plane of interface is constrained to be equal to that of the substrate, and its cubic unit
cell is distorted into tetragonal cell as required by Poisson's ratio. In this case, the system
is strained, and it is called pseudomorphic. The layer remains pseudomorphic as long as
its thickness h does not exceed a certain thickness known as critical thickness he [13]. If h
exceed he, on the other hand, misfit strain is relaxed by the introduction of dislocations as
shown in Fig 2-5(b). In this case, the system retains its cubic symmetry and is called
relaxed.
21
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Fig. 2-5 Schematic diagrams ofan epitaxy layer grown on a substrate ofsmaller lattice
constant: (aJ pseudomorphic and (bJ relaxed with misfit dislocations {m.
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2.3 Instrumentation
CL imaging and spectroscopy have been carried out using a lEOL lSM 6400
SEM with a tungsten filament, and the results are reported in Chapter 4. As Fig. 2-6
shows schematically [14], the electron-bombardment-induced emission is collected by a
parabolic mirror positioned over the sample, and is collimated and focused by a lens onto
the entrance slit of a SPEC Model 340S spectrometer. The spectrometer is computer
controlled and can be used in wavelength (energy) scan or fixed wavelength (energy)
modes. The dispersed emission is detected by a cooled GaAs photomultiplier tube
(PMT). The output of the PMT can be fed into the photon-counting electronics as the
spectrometer is scanned to produce spectra, or it can be fed to the video system of the
SEM to form images with the spectrometer is fixed at specific positions. The low
temperature measurements mentioned in Chapter 3, were carried out with an Oxford
Instruments liquid helium cold stage (CF302) attached to JEOL 6400.
JSM 6400 SEM
Data AcqwsltlOn Board
e
4
PC Spectrorreter
Parabolic Mirror
n Lens - '-~0
.~ liIui:l HeI r" SupplyPMT I I
Cold Stage
ideo Display I
...
v
Fig. 2-6 Schematic diagram of CL-SEM system [14J
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Chapter 3
Excited Carriers and their Diffusion Lengths in
Quantum Wells
3.1 Introduction
In studies of semiconductor properties as well as in the evaluation of
semiconductor material for technical applications, the processes carriers take to
recombine and the lifetime and mobility that characterize the recombination process is of
particular interest.
As discussed in Chapter 2, relaxation of an excited semiconductor can involve
many processes: free electron-hole pairs are bound into excitons; defects are trapping and
releasing electrons, holes or excitons; photons are created from the annihilation of
electron-hole pairs, etc. These multiple processes result in complicated behavior. The
approach to physical reality is often oversimplified. For instance, excitons and free
carriers are considered as exclusive particles, in the sense that they hardly coexist: at low
temperature, compared with the binding energy, only excitons survive, and the opposite
prevails at high temperature. In this chapter, a model will be developed to calculate the
temperature-dependent population of free electron-hole pairs and free excitons. This
model, when it applies, is found to be satisfactorily consistent as the explanation for the
difference of thermal activation energies of the nonradiative recombination in two
temperature regions, below and above 200K, observed by L-L Chao et al. [15]. A CL
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excited carriers, free electron-hole pairs and excitons, and a
technique, which has been used to measure diffusion lengths, is then introduced and
calculations to verify its validity are described.
3.2 Model for Population Determination of Excited Carriers Species
When the semiconductor QW is strongly excited, many electron-hole pairs are
produced, which then recombine and emit photons. If there are only two phases for
e" h+
thermodynamical equilibrium can be achieved between the
excitonic phase and the free carrier phase in a short time after excitation,
the thermodynamical equation for the exciton population can be derived like a chemical
reaction shown in the following. This approval model was first proposed by Block et al.
[16)
The basic assumptions are that (1) there is only one "chemical" reaction among
the system of free electrons, free holes and excitons, namely the transformation of an
exciton (X) into a free electron (eO) and a free hole (h+) and vice versa, Le. e- + h+ =X;
that (2) all particles have the same temperature T; and that (3) each species has a constant
density of states above its minimum energy, as expected because the species are treated
as 2-dimensional gas, with all particles basically confined in the quantum well.
In a simple chemical reaction A + B ¢:} AB, the equilibrium state of this reaction
is characterized by the equilibrium constant K, which depends only on temperature and is
defined as [17)
K- ZAB _ -ElkBT----e ,
ZA'ZB
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(3-1)
where ZAB, ZA, ZB are fugacities of species AB, A and B, E is the energy of this reaction,
kBis Boltzman constant and T is temperature. At moderate pressures, it should be noted
that for gases, fugacity of one species (i) is approximately equal to its partial pressure, i.e.
(3-2)
and for solids and liquids
(3-3)
(3-4)
where aj is the activity of species j [171. If it is assumed that the activity coefficients 'Yi are
unity, we knQw
aj ='Yi Xj =Xj.
where Xj is the component of species j in the system.
The fugacities in Eq. 3-1 are often replaced by partial pressures (Pj) and
concentrations (nj) of species. This results in the most frequently used relationship, the
law ofmass action,
K= PAB I (PA.PB) for gas system,
and K= nAB I (nA.nB) for solid or liquid systems.
In semiconductor statistics, it is improper to treat electrons and excitons and other
quantum particles as a simple ideal gas. In such a microscopic view, according to
quantum theory, the energy states of these particles are not continuous like classical
objects and the number of particles which can stay in the same energy state depends on
whether they are fermons or bosons. The population and distribution of these quantum
particles are governed by quantum statistics, instead, the statistics of classical particles
follows Maxwell-Boltzman distribution [181.
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According to quantum theory, the elementary particles all have intrinsic spin,
which is characterized by spin vector S. If the intrinsic spin of one kind of elementary
particles is equal to half integers of S, they are called fermins and they obey the quantum
Fermi-Dirac distribution. For instance, electrons are fermins with spin of 1/2S. If the
intrinsic spin is equal to integers, the particles are called bosons and they obey the
quantum Bose-Einstein distribution. For instance, excitons are bosons with spin of 0 or
IS, and photons with spin of OS.
In our case, the "chemical reaction" is
(3-5)
where electrons and holes are fermins and excitons are bosons. In order to obtain the
population distribution of electrons, holes and excitons at equilibrium, their fugacities
will be calculated first.
For a system containing a particular species of elementary particles [18],
fugacity = z = ellfkBT , (3-6)
where Jl is the molar chemical potential, kB is boltzman constant and T is temperature.
(1) For fermins, according to the Fermi-Dirac distribution, the probability of finding a
fermin in a state of energy E is
1 1f(e) = =---
e-J.l pel+exp(--) z-le +1
kaT
(3-7)
where ~ is 11 kBT. This probability can also be understood as the average number of
fermins found in a state of energy E, i.e.
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1 1
<n(e) >= f(e)=----=---
1+exp(_e_-Jl_) Z-I e pe +1
kaT
(3-8)
When states are distributed over permitted ranges of energy, it is permissible to
speak of the density of states g (E) per unit energy interval at any energy. Then for the
total fermin density no, there must clearly be a unique value of fugacity z or chemical
potential J.L for each temperature, which allows
1 00
no = It< nee) >= It = f f(e)· g(e)· de (3-9)
e e Z -I e pe +1 0
to be satisfied.
In view of the fact that, for a 2-dimension system comprised of fermins or bosons,
the density of states is g 2mn , a constant, where m is the effective mass of fermon or
h2
boson, h is plank constant, and g is the degeneracy factor depending on the spin vector.
For a system of electrons or holes, the g value for them is 2 since electron or hole can
take two values of spin vector. The Eq. 3-9 becomes
00
no = f f (e) . g(e) .de
o
= j 1 . 4mn de
o z-I epe +1 h 2
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(3-10)
where '}..;;.J h , called mean thermal wavelength of particle; function f1(z) denotes
2rcmkBT
the integral
fu fact, fn (z) are collectively known as the Fermi-Dirac integrals
n-1dx1 .. x
f (z)=-f--
n r(n) 0 z-l ex+1
.. Zl
== L (-1)1-1_ (for small z).
1=1 1n
Z2 Z3
=z--+-+.. ·
2" 3n
(3-11)
where r(n) is the r function, and some important relations of it are r(l)=l, r(l12)=-v 1t
r(x+1) =xr(x).
Taking advantage of Eq. 3-10 and 3-11, it follows that
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I.e.
;,,2
no-=! (z)g 1
Z2 Z3 (_1)1-1 Zl
=z--+-+· ..+ + ...
2 3 1
= In(1+ z)
noA 2
Z =exp(--) -1
g
(3-12)
(3-13)
(2) For boson systems, a similar argument can be adopted by applying the quantum
Boson-Einstein distribution. Because the Pauli exclusion rule is not applicable to
boson systems, the average number of bosons in a system found in a state of energy
of E is
1 1
<n(e»= =---
exp(_e-_,u) -1 Z-I e/3E_1
kaT
(3-14)
An equation similar to Eq. 3-10 can be derived for the determination of fugacity. For the
total boson density Db,
00
m=m(e=O)+ f!(e).g(e).de
o
=_z_+ oof 1 .g 21TJn de
1- z -I /3E 1 h 2o Z e -
(3-15)
d(f3e)
-I /3E 1z e -
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z gOOf dx
---+-
1- z '12 -1 x 111.. 0 Z e -
z g
=-+-g (Z)
1-z ,l2 1
where A, m and g have the same meanings. The first term represents the effect of Bose-
Einstein condensation, and function gl(Z) denotes the integral
which is known as the Bose-Einstain integrals,
00 Zl
==I- (for small z) .
1=1 1n
(3-16)
If the effect of Bose-Einstain condensation is negligible, the fugacity of a boson
system can be solved by
Z2 Z3 Zl
b b b
=Z +-+-+...+-+...
b 2 3 1
= -In(l- Zb)
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(3-17)
=>
nb.1 2
Zb =1-exp(---).
gb
(3-18)
obtain
After having fugacities solved, combining Eq. 3-1, Eq. 3-13 and Eq. 3-18, we
n .1 2 n .1 2
e h[exp(-) -1]· [exp(-) -1]
ge gh
ZX EB
-=exp(--),
Z z kBT
e h
where EB is the binding energy of exciton, i.e. the energy of the reaction.
n .1 2
x[1-exp(---)]
gx EB
----------= exp(---).
k T
B
(3-19)
(3-20)
Defining Nc= 4111nokBT , where lllo is the static mass of electron, then the area density of
h 2
free electrons, free holes and excitons can be expressed in the unit of Nc to be N, P and
X. Substitute the values of gx=4, ge=gh=2, Eq. 3-20 becomes
N P -X-&[exp(-) -l][exp(-) -1] = [1- exp(-)]exp(-) . (3-21)
me mh 2m% kBT
Where me, mh, and mx are the effective masses of free electrons, free holes and excitons,
respectively, divided by lllo [16].
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Applying Eq. 3-21 to the case of ZnSe-based single quantum well structure, the
dependence of the relative population of excitons to free electrons, [X], on the
[e- ]
temperature can be determined as a function of the concentration of pumping-induced
carriers, G. Taking reasonable values for ZnSe, me=O.17, mh=O.6, mx= me+ mh=O.77 and
EB=40meV, and G=1012/cm2, which is the estimated concentration of excited carriers in
present the CL measurements, most of the excited carriers are bound into excitons for
temperatures'below 200K, where [X] :::::5; and excitonic effects are significant even at
[e -]
roomtemperature, where [X] :::::5. These calculations suggest that the diffusing carriers in
[e -]
the CL measurements are predominantly excitons at temperatures below about 200K,
Above 200K, a mixture of free carriers and excitons is present. It is interesting to note
that L-L Chao et al. [15) found a difference in activation energy for nonradiative decay in
dark line defects above and below 200K, which is attributed to dissociation of excitons.
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3.3 Diffusion Length Measurements
3.3.1 Overview
The diffusion length L of a carrier, the average distance a carrier diffuses before
recombining with another carrier or a structural defect, is an important property of
semiconductors and semiconductor structures. As the diffusion length is the square root
of the product of diffusivity D and lifetime 't, and the diffusivity is related to mobility Jl
through the Einstein relation [11] D= pkBT , where kB is Holtzman's constant. The carrier
e
diffusion length can be determined from measurements of 't and Jl. The mobility can be
determined from Hall measurements, and the lifetime can be determined using time-
resolved cathodoluminescence measurements, or time-resolved photoluminescence
measurements.
Since the diffusion length depends directly on mobility and lifetime, which in tum
depend on temperature, impurity concentration and/or structural defect density, and also
on the roughness of interface in quantum well structures, the magnitude of the diffusion
length should also depend on those parameters.
Zarem et al. [19] developed an approach for direct determination of diffusion
length via CL measurements. The same technique was employed by L.-L. Chao et al. ~20.
34] to measure the carrier diffusion length in GaAs/AlGaAs and ZnCdSe quantum wells.
In the following sections, this experimental method will be described and assumptions
used will be validated numerically.
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I3.3.2 Experimental
Fig. 3-1 shows the schematic setup used to measure diffusion length L. Quantum
well material is partially covered by an electron-beam-transparent and optically opaque
mask. When scanning the electron beam over the mask, CL intensity varies with the
distance from the edge of the mask. In Ref. 13 and 20, the QW material was all covered
by a 7.5 nm Au that partially attenuated the QW luminescence and partially covered by a
50 nm Au pad which is opaque to the QW luminescence. It was found the 7.5 nm Au
layer can prevent undesirable effects of electron-beam charging during measurements.
e- beam
x<o x>O
Substrate
(a)
(r,e)
I
'7 MlISkcd orca UnmllSkcd orCD
Fig. 3-1 Schematic diagram ofCL experiment used to measure carrier diffusion length.
(a) side view [141 I (b) top view. .
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3.3.3 Derivation of Theoretical Models
In the CL measurement shown in Fig. 3-1, because of the large collection area of
the parabolic mirror, the CL signal is proportional to the net flux of carriers into the
unmasked (or partially masked) region.
The diffusion of the stationary excited carriers for continuous irradiation can be
treated in terms of the differential equation of continuity [5], which can be written as
!J.nDV 2 (1).n) --+ g(r) =0,
'r
(3-22)
where D is the diffusion coefficient, An is the excited carrier density per unit volume, 1: is
the minority carrier lifetime, and g(r) is the generation rate of excited carriers per unit
volume.
Regarding g(r) as a delta function, which is equal to zero except at the irradiation
spot, Eq. 3-23 governs the concentration of carriers outside of the generation region:
(3-23)
In the one-dimensional problem, the solution to Eq. 3-23 is simply An=Anoexp (-xlLD) ,
where LD=(D1:)ll2. Thus the corresponding flux of carriers is also proportional to
exp(-xlLD). In the measurement of carrier diffusion length in the quantum well, solving
the net flux of carriers diffusing into the unmasked region is basically a two-dimensional
problem. Zarem et al. [19] argued that ID solution would apply to 2D problems if a line of
constant carrier density is generated parallel to the mask edge. Then by breaking the line
into infinitesimal elements, and examining the flux due to an individual element, it
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appears that physically the net flux caused by a single point source is also proportional to
exp(-xILD). In the following argument, it will be proved mathematically.
In the polar coordinates, if .M=~n(r), Eq. 3-23 becomes
(3-24)
For a point source at r=O, the solution of Eg. 3-24 can be written in terms of modified
Bessel functions: Io( !-. ) and Ko( !.- ),
L L
r r r
L\n( - )=A Io( - )+B Ko( - ),
L L L
where A and B are constants. Plots of Io(r) and Ko(r) are shown in Fig. 3-2. It is obvious
that the solution should be .M(!.- )=B Ko( !.- ) since when r approaches infinity (00), .M(r)
. L L
should approach zero.
Io(x)
0.5 1.5
x
2.5
Fig. 3-2 Plots ofmodified Besselfunction fix) and Ko(x).
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Defining the normalized radial distance r'=!-, the collected CL intensity I(x) is
L
proportional to an integral
11:12 00
l(x)- fde f r'dr'Ko(r') '
o xlcos(8)
Taking advantage of
d
_[x n K (x)] = x n K (x) ,dx n n-l
the integral becomes
11:12
lex) - f de [-ooK (00) +_x_K (_x_)]
o 1 cose 1 cose
1d2
= fde-x-K (_x_)
o cose 1 cose
N
= L x K ( x ).Ae
n=l cos(Ae .n) 1 cos(Ae· n)
withAe = nl2
N
(3-25)
(3-26)
(3-27)
Note that it is reasonable to replace ooK1(00) by 0, because Kv(x) has the
asymptotic expansion for x» 1
~ (4v 2 _1 2) ( 4v 2 _ 12)(4v 2 _ 32)Kv(x) - ~e-X[1+ + +...]2x 11 (8x) 2! (8x) 2 (3-28)
Eq. 3-27 has been evaluated numerically using "xmaple" software, and results are shown
by the solid circles in Fig. 3-3. Compared with the line obtained from exp(-xIL), it can be
concluded that the same solution, An=Anoexp(-xIL), applies to both one dimensional and
two dimensional cases. Therefore,
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rr/2 X X - xf de - K (-) = e
o cose 1 cose
(3-29)
1.0
exp(-xlL)
• Result from BesselK Integration
~ 0.8...
.-
m
c:
(1)
... 0.6c:
-
..I
0
'C 0.4(1)
N
.-
-ca
E 0.2'-0
Z
0.0
-4 -3 -2 -1 0
Normalized Distance xJL
Fig. 3-3 Plot ofcollected CL intensity I(x) denoted by solid circles, numerically
evaluated using Eq. 3-27 by "xmaple", and plot ofexp(-xlL) denoted by line.
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Chapter 4
Cathodoluminescence Studies of the Nonradiative
Processes Associated with Dark Spot Defects in
ZnCdSe Quantum Well Structures
4.1 Introduction
4.1.1 Overview
Interest in ZnCdSe quantum well luminescence comes from work on these
materials for blue-green laser applications, using heterostructures shown in Chapter 2.2.
Gunshor and Nurrnikko (1995) [4] pointed out that the most important consideration for
short-wavelength laser device development is to increase the device lifetime, and that
device lifetime is limited by generation of microstructural defects which cause
nonradiative recombination, and that it is not clear whether these defects are intrinsic to
the II-VI materials, or whether they can be eliminated by improved materials growth and
processing. In fact, device lifetime problems were also encountered in the 1980's
development of GaAlAs/GaAs-based diode lasers, where one of the major degradation
mechanisms was an increase in dislocation density by climb enabled by nonradiative
recombination enhanced diffusion of preexisting point defects. The problems were solved
by improving structural perfection of the GaAlAs/GaAs heterostructures. Therefore,
40
understanding and eliminating degradation mechanisms becomes a critical problem in
developing practical II-VI light emitters.
Similarly to the case of GaAlAs/GaAs, it has been believed that the device
degradation is related with preexisting structural defects formed during growth, mainly
V-shaped stacking faults [21-24]. Stacking faults are found to nucleate at or near the II-VI
epilayerlsubstrate interface bounded by Schockley partial dislocations with Burger vector
b=1I6<112> [25,26], and to rise through the epitaxial layers on {Ill} planes. Their
densities range from 104cm-2 to 107cm-2• Where the stacking faults intersect the QW, they
act as sources for misfit dislocations along <011> directions (DePuydt et al. 1994 [27]). As
sites for nonradiative recombination, in luminescence images stacking faults appear as
dark spots, and misfit dislocation appear as lines or segmented lines of dark spots along
<110> directions. Previous studies have shown that degradation rate is dependent on the
density of the stacking faults [28]: the greater the stacking fault density is, the faster the
luminescence degrades.
During the degradation of the devices, a common characteristic feature is the
appearance and development of the dark line defects (DLDs) parallel to <100>
crystallographic directions in or near the active layer, which serves as nonradiative
recombination centers for excited carriers. As the first stage of degradation, dark spots in
luminescence images, due to preexisting defects such as stacking faults, become darker
and darker, which implies enhanced local nonradiative recombination. These have been
generally called dark spots defects (DSDs). Mobile defects, seen as dark "bugs" of -0.5
Ilm diameter in luminescence images, are then emitted from DSDs [21.25], or from misfit
dislocations [29.30] and move along <100> directions. Dark line defects then form along
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the <100> paths where mobile bugs have traveled, but they can be stopped or deflected if
another defect or DLD is in their path. As degradation proceeds, the DLDs increase in
width and they evolve into larger dark patches [30].
Using the instrumentation described in Chapter 1, the degradation associated with
<100> DLDs have been observed by L.-L. Chao et al. [14,15] on the
CdZnSe/ZnSSeIMgZnSSe SCH samples fabricated by Philips Research. In the
meanwhile, spatially-resolved CL was used to investigate the temperature-dependent
behavior of nonradiative recombination processes associated with DLDs by carrying out
CL line scan to measure the changes of contrast between the DLDs and the adjacent
material. The contrast decreases with decreasing temperature, which suggests that the
nonradiative recombination processes associated with DLDs are thermally activated.
Activation energy were found to be about 16 and 6 meV for temperatures above and
below 200K, respectively, which reflects a transition between free carriers and bound
excitons at this temperature as we have discussed before in Chapter 3. Spectral shifts
associated with DLDs were observed in CL spectra [31], which have been explained by
strain relaxation (responsible for red shifts) and/or concentration changes of Cd due to
interdiffusion (responsible for blue shifts).
So far many industrial groups have fabricated Znl_xCdxSe separate confinement
heterostructure (SCH) lasers on GaAs substrates, with x about equal to 0.2 and with about
1.7% compressive in plane strain in the QWs. But the lifetime has not been greatly
improved even with continuing improvements in materials quality (longest lifetime
reported of SCH laser diode is about 100 hours [32] and SF's density as low as 104cm-2).
In order to investigate the effects of QW strain and composition on degradation, in the
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present studies CL imaging and spectroscopy are used to examine samples with higher
Cd content (x>0.5) of their QWs grown with nearly perfect lattice matching, and
therefore very little epitaxial strain, on InP substrates, as well as mismatched samples on
InP. The results are compared with the work on lower Cd-content (x-0.2) QW
mismatched samples on GaAs substrates, which was done by L.-L. Chao et al. [14,15].
By determining defect distributions and luminescence spectra in samples before
and after degradation by electron bombardment, it is found that the Cd-rich QWs show
different degradation morphologies than the more usual, Cd-poor QWs, which degrade
by forming dark line defects. Degradation of the Cd-rich QWs is much more localized,
whether the QWsare strained or not. Spectral shifts caused by degradation show varied
but similar behaviors among all of the samples. If DLDs are caused by nonradiative
recombination enhanced point defect creation and mobility, as proposed by previous
workers, the mobilities are apparently much more limited in the Cd-rich samples than in
the more usual Cd-poor samples. These results suggest. that modifying the chemistry of
the QW may be a good approach to reducing degradation in the ll-VI laser structures.
4.1.2 Sample Descriptions
Samples having been studied are laser diodes: A809 and A810 with Cd-rich
quantum well, which were grown by MBE on (001) InP substrates by Prof. Tamargo's
group at CUNY, and P0124 with Cd-poor quantum well which was grown on (001)
GaAs:Si substrate at Philips Research. The simple heterostructures (sample No. A809)
were formed by growing a single CdZnSe quantum well active layer sandwiched between
cladding layers ZnCdMgSe, as Fig. 4-1(a) shows. The separate confinement
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heterostructures of sample No. A842 and P0124 are shown in Fig. 4-1(b) and (c), with
ZnCdSe QW in the center of ZnCdMgSe/ZnCdMgSe and ZnSSe/ZnMgSSe waveguide.
Other properties of samples refer to Table n.
Table II Sample Descriptions
SAMPLES A809 A842 (LASER POl24
STRUCTURE)
Ternary QW Znt.xCdxSe
x= 0.7 0.5 0.2
QW Thick-ness (t) 40 80 30
Lattice Matched (?)
-1.5% -0% -1.7%
Strain Relaxed (?) No
-
No
Defect Density (SF) (em.:L) -10° -10;) _104
Dislocation (cm·I ) -0 - -0
QW Emission Peak at R.T. 608 582 502
(nm)
Layer next to QW (Zno.22Cdo.27MgO.51)Se (Zno.28Cdo.3~gO.38)Se Zn(So.06SeO.94)
Fig. 4-1 (aJ
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(b)
(c)
Fig. 4-1 Schematic diagram oflaser structures studied. (a) sample A809, (b) sample
A842, and (c) sample P0124. The latter two are separate confinement heterostructures.
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4.2 CL Images and Spectral Changes Associated with Dark Spot Defects
4.2.1 Experimental
The laser diodes described above have been studied by using CL imaging and
spectroscopy at room temperature (R.T.) to investigate the degradation morphology of
quantum well heterostructures. For the results presented in the following, degradation of
devices was induced by electron beam bombardment in spot mode, and CL spectra were
collected continuously from the degrading spot. Due to the depth of quantum wells buried
in the devices, the beam voltages were chosen 10 kV for sample No. A809, 15 kV for
A842, 30 kV for P0124, and beam currents were 50 nA, 60 nA, 150 nA correspondingly.
4.2.2 Results and Discussion
Setting spectrometer at the emission wavelengths of these quantum well
heterostructures, CL images were taken before and after degradation, as shown in Fig. 4-
2 and Fig. 4-3.
Monochromatic CL micrographs before degradation, Fig. 4-2 (a) and (b), show
the initial defect distributions of sample A809 and A842. The dark features in the image
of sample A809 are stacking faults passing through the QW, where they act as
nonradiative recombination sites. It is found that A809 has higher stacking fault density,
approximately 106/cm2 by counting the dark dots. But there is no indication of dislocation
defects, which means the strain between quantum well and the neighboring layer is not
relaxed. A842 is a lattice-matched sample, which has lower density of stacking faults
_105/cm2• But the dark lines and segmented dark lines indicate the presence of
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dislocation, spaced about 10-20 /lm apart, which were introduced during MBE growth.
P0124 was grown in Philips lab, and it has lower concentration of Cd in QW and very
low pre-existing defects -104/cm2. On the scale of tens of microns, it is rare to observe
any defect from CL micrograph.
Monochromatic CL micrographs after degradation, Fig 4-3 (a), (b) and (c), show
the different degradation morphologies of Cd-rich and Cd-poor samples. For both A809
and A842, Cd-rich samples, only dark spot defects (DSDs) were created after the
intensity of quantum well emission degraded to about 1%. As stated in the overview, a
characteristic feature of degraded ZnSe-based QW structures is the appearance and
development of the dark line defects (DLDs). Fig. 4-3 (c) shows the DLD after the
luminescence of Cd-poor sample P0124 degraded to 0.5%. There a DSD of -10 /lm in
diameter at the point degraded by the electron beam, a <100> DLD in the upper-left
direction, two parallel DLDs directed toward the lower right and a much wider (-10 /lm)
DLD directed toward the lower left direction. Another interesting phenomenon is that for
A809 it seems the stacking faults near the degraded DSD (diameter -3/lm) were not
affected by the degradation process at all, but for A842 the segmented lines nearby
became darker while the DSD (diameter -6Ilm) became darker. On the contrary, it has
been widely accepted that the development of DSDs and DLDs originates from the pre-
existing defects.
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(a)
(b)
Fig. 4-2 CL images ofquantum well heterostructures before degradation: (a) ofsample
A809, (b) ofsample A842.
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(aJ
(b)
Fig. 4-2 CL images of quantum well heterostructures before degradation:
A809. (hi of sample A842.
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Fig. 4-3 (a)
Fig. 4-3 (b)
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Fig. 4-3 (aJ
Fig. 4-3 (b)
'"9
(c)
Fig. 4-3 CL images ofquantum well heterostructures after degradation: (a) ofsample
A809, (b) ofsample A842, (c) ofsample P0124. Only Cd-rich sample P0124 shows DW
after degradation.
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Fig. -/.-3 CL '''''70C', C1!!czcume!Z heterostructures otter
),UfLUic P012-/.. Onh Cd-rich ,(ui1T),'p POJ24 5 DLD
The QW luminescence intensity from the bombarded region was monitored
during degradation, with the results shown in Fig. 4-4 as plots of log CL intensities with
time for three samples. We have known [14) the degradation rate depends on not only the
beam current used but also on the location on the individual samples. But it is found that
the appearance of DLD is often associated with the abrupt drop of luminescence during
degradation, see the lower plot in Fig. 4-4 (c). For A809 and A842, there is no DLD
appearing during degradation, and the degradation with time looks either exponential
(Fig. 4-4(a)) or linear (Fig. 4-4(b)). The rates of degradation measured in this way were
greater for the Cd-rich samples, although quantitative comparisons among these data are
difficult because of the different sample thickness, cladding layers, beam voltages, and
different degradation morphologies.
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Fig. 4-4 CL intensities from electron-beam-degraded locations vs. time during
degradation: (a) ofsample A809, (b) ofsample A842, and (c) ofsample P0124
where the lowest plot corresponds to DLD degradation shown in Fig. 4-3(c).
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Besides the morphologies and rate of degradation, the spectral changes from the
location of the electron beam bombardment, were observed before and after
degradation. As shown in Fig. 4-5, in all cases the width of QW emission peaks became
narrower after degradation for all three samples (actually it is quite universal for all
samples, see Ref. 14). The spectrum of A809 did not show any wavelength shift; for
A842 a blue shift - 2nm was observed; and for PO 124 different shifts were seen from
different regions, as shown in (c) by these data from two different degradation regions
on it.
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Fig. 4-5 CL spectra takenfrom the degraded location before and after
degradation: (a) ofsample A809, (b) ofsample A842, and (c) ofP0124 where the right
one showing blue shift is from the same DLD degradation in Fig. 4-3, and the left one
showing red shift corresponds to some location else:
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The observed spectral shifts are similar to what L.-L. Chao et al. reported before
[31], and it has been explained by changes in strain state and in composition of the active
layer, which lead to changes in bandgap of the active layer. It is proposed that the red
shifts are due to reduction of compressive strain, or development of tensile strain, by
structural defects responsible for degradation, and that the blue shifts are due to loss of
Cd from the QW or to kinetic energy dependence of the degradation-related nonradiative
centers, and that in any particular case, the actual spectral shift is due to competition
between these effects. For the details of this theory, see L-L Chao et al., Appl. Phys.
Letters, April 6, 1998.
In short, the most interesting aspect of the present work is that the Cd-rich QWs
show different degradation morphologies than the more usual, Cd-poor QWs, which
degrade by forming dark line defects. Degradation of the Cd-rich QWs is much more
localized, whether the QWs are strained or not. Spectral shifts caused by degradation
show varied but similar behaviors among all of the samples. If DLL's are caused by
nonradiative recombination enhanced point defect creation and mobility, as proposed by
previous workers, the mobilities are apparently much more limited in the Cd-rich samples
than in the more usual Cd-poor samples. These results suggest that modifying the
chemistry of the QW may be a good approach to reducing degradation in the ll-VI LED/
laser structures.
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4.2.3 Conclusions
Electron beam degradation of Znl_xCdxSe quantum wells was studied by
cathodoluminescence imaging and spectroscopy. It was found that Cd-rich, x::::; 0.5-0.7,
with (ZnCdMg)Se adjacent layers results in dark spot defects but not dark line defects,
whether strained (e ::::; 1.5% ) or unstrained (e ::::; 0), and that Cd-poor, x ::::; 0.2, with
Zn(SSe) adjacent layers and strain e::::; 1.7% results in dark line defects. From the
experimental results, it seems that morphologies of degradation are more related to
quantum well's chemistry than to its strain.
Similarly to what L.-L. Chao et al. [31] reported before, degradation usually results
in narrowing of the QW luminescence peak, and spectral shifts as much as I1A ::::; 2 nm:
blue or red, but sometimes there is no shifts. The explanation proposed by L-L Chao et al.
also applies to this study.
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Chapter 5
Future Work
In L.-L. Chao et al.'s work [15], CL measurements for the DLDs contrast as a
function of temperature, the measurements were carried out in the temperature range of
8K to 300K. But measurements at higher temperatures are needed to verify the high
temperature activation energy of nonradiative recombination process. A hot stage is now
under construction, and it is expected to expand the measuring temperature range to 600
K.
Since Shuji Nakamura developed the commercial light emitters from GaN [33], this
class of materials becomes more and more popular. GaN has two main areas of
application: short-wavelength LEDsllaser diodes and high power/high temperature
MOSFETs. To perfect device performance, understanding of structures and defects of
GaN materials is essential. The CL technique is a powerful tool to study defect
distribution and evolution during operation of devices. We are now developing
instrumentation to expand the SEM-CL capabilities. In the near future, it is planned to
apply the same techniques to GaN materials and devices using our enhanced CL system
to help improve the quality of GaN and the performance of GaN-based devices.
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